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Pamela H. Gulden,* Philip Fischer III,§ proteins to CTLs (Loveland et al., 1990; Wang et al.,
1991). Because the peptides that are presented by H2-Nicholas E. Sherman,* Wei Wang,‡
Victor H. Engelhard,‡ Jeffrey Shabanowitz,* M3 have N-formyl methionine at the N terminus, it was
proposed that the major function of this MHC class IbDonald F. Hunt,*† and Eric G. Pamer§
*Department of Chemistry molecule is to present bacterially derived peptides to
CTLs (Fischer Lindahl et al., 1989, 1991; Shawar et al.,University of Virginia
Charlottesville, Virginia 22901 1990). Studies with Listeria monocytogenes have dem-
onstrated the involvement of H2-M3 in the antibacterial†Departments of Chemistry and Pathology
University of Virginia immune response, although the antigens presented dur-
ing infection have been only partially defined (KurlanderCharlottesville, Virginia 22901
‡Department of Microbiology et al., 1992; Pamer et al., 1992).
Listeria monocytogenes is a gram-positive bacteriumand Beirne Carter Center for Immunology Research
University of Virginia that causes life-threatening infections during pregnancy
and in immunocompromised individuals (Gellin andCharlottesville, Virginia 22901
§Sections of Infectious Diseases and Immunobiology Broome, 1989). L. monocytogenes enters eukaryotic
cells and accesses the cytoplasm by secreting listerio-Yale University
New Haven, Connecticut 06520 lysin, which disrupts the phagosomal membrane (Bie-
lecki et al., 1990; Tilney and Portnoy, 1989). Following
infection of mice with L. monocytogenes, MHC class
I–restricted CD81 CTLs mediate bacterial clearance andSummary
immunity (Bishop and Hinrichs, 1987; Harty and Bevan,
1992; Harty and Pamer, 1995). Many CTL clones isolatedPolymorphism of MHC class Ia molecules severely
from L. monocytogenes-immunized mice are restrictedconstrains vaccine development against intracellular
by MHC class Ia molecules and detect nonamer pep-pathogens. Antigen presentation by MHC class Ib mol-
tides derived by proteasome-mediated cleavage of se-ecules, which are generally conserved between differ-
creted bacterial proteins (Pamer et al., 1991; Pamer,ent individuals, may circumvent this obstacle. Herein,
1994; Sijts et al., 1996a, 1996b). Some CTLs, however,we use tandem mass spectrometry to identify a Liste-
appear not to be MHC class Ia restricted since theyria monocytogenes pentapeptide antigen that is pre-
detect L. monocytogenes antigens on target cells withsented to T lymphocytes by the H2-M3 MHC class Ib
different MHC haplotypes (Kaufmann et al., 1988; Lu-molecule. The peptide contains N-formyl methionine
kacs and Kurlander, 1989). Investigation of one suchat the N terminus and exclusively hydrophobic amino
CTL clone, named JI1.4, revealed that the apparent lackacids. Mice of the H-2d, H-2b, and H-2k haplotypes re-
of MHC restriction results from the presentation of anspond to this peptide upon infection with Listeria
L. monocytogenes peptide, called Fr38, by the relativelymonocytogenes. Identification of antigens presented
conserved (i.e., nonpolymorphic) H2-M3 MHC class Ibby MHC class Ib molecules is feasible and may provide
molecule (Pamer et al., 1992). Kurlander and colleaguesopportunities for relatively unrestricted vaccine devel-
(1992) also identified L. monocytogenes antigens pre-opment.
sented by H2-M3; surprisingly, in their system the bacte-
rial antigen is not a peptide, but rather a glycolipid (Na-Introduction
taraj et al., 1996).
In this report, we describe the purification and identifi-
Major histocompatibility complex (MHC) class I mole-
cation of Fr38. Using tandem mass spectrometry, we
cules present peptides derived from pathogenic organ-
show that the L. monocytogenes-derived H2-M3-
isms to cytolytic T lymphocytes (CTLs), which mediate
restricted epitope is a hydrophobic pentamer peptide
both specific clearance of primary infections and mem-
that contains N-formyl methionine at the N terminus.
ory immune responses. MHC class Ia molecules are
Mice with diverse MHC haplotypes respond to this pep-
highly polymorphic and different allelic forms of MHC
tide following infection with L. monocytogenes. The
class Ia present different peptides (Falk et al., 1991).
amount of antigenic peptide increases dramatically be-
This complicates vaccine development, since different
tween 4–7 hr of cellular infection. Our study demon-
individuals responding to the same pathogen are likely
strates the feasibility of identifying pathogen-derived
to recognize different antigens. MHC class Ib molecules,
CTL epitopes that are presented by MHC class Ib mole-
on the other hand, are far less polymorphic than MHC
cules and suggests a route for vaccine development
class Ia molecules and thus, among MHC-disparate indi-
that circumvents the difficulties presented by MHC poly-
viduals, are more likely to present the same antigens to
morphism.
T lymphocytes (Fischer Lindahl, 1993; Pameret al., 1993;
Shawar et al., 1994). MHC class Ib molecules are present
in all mammalian species but appear to be most preva- Results
lent in mice (Stroynowski, 1990; Fischer Lindahl et al.,
1991). One of the most interesting and best-understood Purification of Fr38 from L. monocytogenes Cultures
Fr38, which was first isolated from mouse spleens fol-murine MHC class Ib molecules is H2-M3. H2-M3 pres-
ents peptides derived from mitochondrially encoded lowing infection with L. monocytogenes, is also present
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fractions suggested that Fr38 was not pure (Figure 1C).
This was confirmed by massspectral analysis of fraction
36, which revealed the presence of many different pep-
tides (Figure 1D). To simplify the mixture of peptides
contained in fraction 36, second-dimension RP chroma-
tography was performed, using heptafluorobutyric acid
(HFBA) as the organic modifier. The resulting fractions
were tested for recognition by CTL clone JI1.4 and re-
vealed two peaks of activity in fractions 23 and 24 and
31–33 (Figure 2A).
Amino Acid Sequence Determination of Fr38
To determine the sequence of Fr38, the active fractions
from the second-dimension HPLC fractionation were
analyzed by mass spectrometry. Mass spectral analysis
of fraction 23 showed a predominant ion with m/z 633
(Figure 2B). Collision-activated dissociation (CAD) of
this ion revealed a sequence of N-formyl oxidized-
MXVXX (Figure 2D), where X is leucine or isoleucine,
since these amino acids cannot be distinguished by
mass. Fraction 32 contained an ion at m/z 617 (Figure
Figure 1. Purification of Fr38 from L. monocytogenes Culture Su- 2C), which could correspond to the unoxidized form of
pernatants the peptide identified in fraction 23. This was confirmed
(A) Different strains of L. monocytogenes and other gram-positive by sequence analysis of m/z 617, which revealed the
bacteria were grown in trypticase soy broth and culture superna- sequence formyl-MXVXX (Figure 2E).
tantswere assayed for recognition by CTL clone JI1.4 on 51Cr labeled Because the identified N-formyl methionine peptide
EL-4 target cells as described in Experimental Procedures.
contained three residues that could be either leucine or(B) Peptides concentrated from a 14 l culture of L. monocytogenes
isoleucine, the eight possible peptides were synthesizedwere applied to a DEAE anion exchange column and eluted with
and tested for recognition by CTL clone JI1.4. The pep-NaCl gradient. Fractions were assayed for recognition by CTL clone
JI1.4 as described in Experimental Procedures. tide fMIVIL is detected at a concentration of 10210 M,
(C) Fractionscontaining targeting activity after anion exchange chro- while equivalent detection of the other peptides requires
matography were pooled and further fractionated by RP–HPLC on at least 100-fold higher peptide concentrations (Figure
a C-18 column with 0.1% TFA in water and a gradient of 0.1% TFA 3), suggesting that JI1.4 is specific for fMIVIL. The HPLC
in acetonitrile. HPLC fractions were assayed for recognition by CTL
elution time of fMIVIL is indistinguishable from that ofclone JI1.4.
Fr38 purified from L. monocytogenes cultures, confirm-(D) Mass spectra of HPLC purified L. monocytogenes peptides.
ing the identity of the epitope (data not shown).Spectra were recorded on 3% of the material in HPLC fraction 36,
using a triple quadrupole mass spectrometer (Finnigan-MAT). Full
scale is 3.4 3 107 counts. Mice with Diverse MHC Haplotypes
Respond to f-MIVIL
CTL clone JI1.4 is derived from a C57BL/6 3 BALB/c F1
in cultures of L. monocytogenes (Pamer et al., 1992). We mouse (H-2b3d). Although this CTL clone can recognize
tested bacterial culture supernatants for the presence of fMIVIL on target cells derived from mice with disparate
Fr38 with CTL clone JI1.4 and found that all strains of MHC haplotypes (Pamer et al., 1992), it is unclear
L. monocytogenes secrete Fr38, although the amount whether different strains of mice respond to fMIVIL fol-
varies between strains (Figure 1A). The closely related lowing infection with L. monocytogenes. We therefore
species Listeria ivanovii also secretes Fr38, while the infected C57BL/6 (H-2b), BALB/c (H-2d), and C3H (H-2k)
more distantly related gram-positive bacterium Bacillus mice with a sublethal dose of L. monocytogenes and
subtilis does not (Figure 1A). To purify Fr38, L. monocy- restimulated immune splenocytes with fMIVIL-coated
togenes strain ATCC 35967 was inoculated into 14 l of syngeneic splenocytes. Splenocytes from unimmunized
defined peptide-free medium (Premaratne et al., 1991). mice did not respond to fMIVIL while L. monocytogenes
Conditioned medium was cleared of bacteria and fil- immune mice all responded to fMIVIL, regardless of the
tered to remove proteins of greater than 10 kDa mass. murine MHC haplotype (Figure 4). The responding CTLs
Fr38 in the resulting filtrate was concentrated and ap- from the three strains of mice recognized fMIVIL onP815
plied to a DEAE anion exchange column and eluted with (H-2d) and EL4 (H-2b) targets (Figure 4, left and right,
a gradient of 0–200 mM NaCl. The peak fractions (Figure respectively), confirming their lack of restriction by MHC
1B) were pooled and applied to a C-18 reverse phase class Ia molecules. Thus, mice with widely divergent
(RP)–HPLC column and Fr38 was eluted with a shallow MHC haplotypes all respond to L. monocytogenes infec-
gradient of acetonitrile (Figure 1C). HPLC fractions were tion with a CTL response targeted to the H2-M3/fMIVIL
assayed for recognition by CTL clone JI1.4, which deter- complex.
mined that Fr38 eluted predominantly in fraction 36.
Most of the contaminating material, as determined by Kinetics of fMIVIL Appearance in
absorbance at 212, eluted in earlier fractions (Figure 1C; L. monocytogenes-Infected Cells
data not shown). MHC-associated peptides can be acid eluted from L.
monocytogenes-infected cells, fractionated by RP–The ultraviolet (UV) absorbance profile of the active
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Figure 3. The Amino Acid Sequence of Fr38 Is fMIVIL
Each of the possible peptide combinations of fMXVXX were synthe-
sized, HPLC purified, and tested for recognition in titration assays
with CTL clone JI1.4 and 51Cr-labeled P815 cells.
HPLC, and assayed with CTL clones (Pamer, 1994). Us-
ing this approach, we have determined the kinetics of
fMIVIL appearance in L. monocytogenes-infected J774
cells. Between 1–7 hr of infection, the number of L.
monocytogenes per J774 cell increases from approxi-
mately 1–2 to over 100 per cell (Figure 5A). The amount
of fMIVIL, as estimated by the percent-specific lysis
obtained with HPLC-fractionated peptides isolated from
L. monocytogenes-infected cells, increases with time in
parallel with intracellular bacterial growth (Figure 5B).
This finding suggests that fMIVIL is secreted by intracel-
lular bacteria into the cytosol of infected J774 cells,
rather than being derived from bacteria that are killed
by J774 cells during the initial phase of cellular infection.
Binding of fMIVIL by Cellular Proteins
Since fMIVIL is secreted by L. monocytogenes in a form
that does not require host cell processing, it is possible
that a proportion of fMIVIL extracted from infected J774
cells is not associated with H2-M3 or other cellular pro-
teins. Because peptides dissociate from MHC class I
molecules at low pH, we decided to extract infected
J774 cells with phosphate-buffered saline (PBS) (pH 7.4)
or 0.1% trifluoroacetic acid (TFA) (pH 2.0) and HPLC
fractionate low molecular mass peptides. As expected,
the nonamer epitope p60 217–225, which associates
with the H-2Kd MHC class I molecule, is only extracted
Figure 2. Amino Acid Sequence of Fr38 from infected cells under low pH conditions (Figure 5).
(A) Second-dimension HPLC fractionation and 51Cr release assay of The same is true for fMIVIL, which is not present in
first-dimension HPLC fraction 36. Peptides were fractionated by PBS extracts of L. monocytogenes-infected cells but is
RP–HPLC on a C-18 column using an acetonitrile gradient con-
present in TFA extracts (Figure 5). The most plausibletaining heptafluorobutyric acid. Fractions were assayed for recogni-
explanation for this finding is that fMIVIL extracted fromtion by CTL clone JI1.4.
infected cells is bound by cellular proteins. It is not(B) Mass spectra of second-dimension fractions were recorded on
a triple quadrupole mass spectrometer (Finnigan-MAT). A spectrum possible to conclude, however, that all fMIVIL identified
was recorded on 2% of the material in HPLC fractions 23. Full scale in extracts of infected cells is associated with H2-M3,
is 4.9 3 105. since it is possible that it may be associating with other
(C) A spectrum was recorded on 2% of the material in HPLC fraction
32. Full scale is 6.2 3 106 counts and a closer look at 600–650 amu
is shown as an insert, where full scale is 1.2 3 105 counts.
(D) A CAD spectrum was obtained for m/z 633 using 5% of a first-
dimension HPLC fraction 36. Spectra were recorded on a triple observed in the spectrum are underlined. Lxx represents Leu or Ile,
quadrupole mass spectrometer (Finnegan-MAT), operating with a which have identical mass and cannot be distinguished under the
two-mass unit window in quadrupole one. Predicted masses for conditions used. Full scale is 2.7 3 106.
fragment ions of types b and y (Hunt et al., 1986) are shown above (E) A CAD spectrum was obtained for m/z 617 as described in (D).
and below the deduced amino acid sequence, respectively. Ions Full scale is 4.0 3 105.
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Figure 5. Accumulation of fMIVIL in L. monocytogenes-Infected
J774 Cells
(A) J774 cells were infected with L. monocytogenes strain 10403s,
and at the indicated time intervals infected cells were lysed in dis-
tilled water and the number of intracellular bacteria was determined
as described in Experimental Procedures.
(B) J774 cells were infected with L. monocytogenes strain 10403s
and TFA extracted at the indicated times. Extracted peptides were
HPLC fractionated and fraction 38, which contains natural fMIVIL,
was assayed for recognition by CTL clone JI1.4.
(C) J774 cells were infected for 7 hr with L. monocytogenes andFigure 4. BALB/c, C3H, and C57BL/6 Mice Respond to fMIVIL Fol-
either extracted with TFA (pH 2.0) or PBS (pH 7.4). Extracts werelowing L. monocytogenes Infection
HPLC fractionated and fractions were assayed for recognition ofSplenocytes from immunized and naive BALB/c (top), C3H (middle),
the H-2Kd associated p60 217–225 epitope with CTL clone L9.6 orand C57BL/6 (bottom) mice were restimulated in vitro with fMIVIL
fMIVIL with CTL clone JI1.4. The pellets that were first extractedas described in Experimental Procedures and then tested for recog-
with either TFA or PBS were then ree¨xtracted with TFA and HPLCnition of uncoated or fMIVIL-coated P815 cells (left) or EL4 cells
fractionated. These fractions were again assayed for recognition by(right). The percent-specific lysis is indicated on the y-axis and the
CTL clones L9.6 and JI1.4.estimated effector to target ratio on the x-axis.
the exception of the few mitochondrially encoded pro-
peptide-binding proteins such as the FMLP receptor teins, only bacterial proteins initiate with N-formyl methi-
(Murphy, 1994) or GP-96 (Srivastava et al., 1994). onine (Fischer Lindahl et al., 1989, 1991; Shawar et al.,
1990). Indeed, subsequent studies discovered that H2-
M3 presented L. monocytogenes antigens to CTLs (Kur-Discussion
lander et al., 1992; Pamer et al., 1992). One of these
antigens is Fr38, which we have now identified as anH2-M3 was first identified because it presented a mater-
nally derived factor to CTLs (Fischer Lindahl et al., 1980) N-formyl methionine pentapeptide. A search of the Na-
tional Institutes of Health protein sequence databasesthat was found to be an endogenous peptide derived
from a mitochondrially encoded protein (Loveland et al., did not identify a match for fMIVIL, indicating that it
derives from an unidentified L. monocytogenes protein.1990). Subsequent studies demonstrated that H2-M3
binds predominantly peptides containing N-formyl me- Our finding that H2-M3 presents fMIVIL confirms the
hypothesis that the primary function of this MHC classthionine (Shawar et al., 1990, 1991). This finding sug-
gested that H2-M3 might play an important role in the Ib molecule is to present bacterial N-formyl methionine
peptides to CTLs and contrasts with other reports ofpresentation of bacterial peptides to CTLs, since, with
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H2-M3 presenting nonpeptide L. monocytogenes anti- that macrophages can present heat-killed L. monocyto-
gens toT cells (Nataraj et al., 1996). There is precedence, genes, which do not gain access to the cytosol, to H2-
however, for the presentation of nonpeptide bacterial M3-restricted CTLs (Lenz and Bevan, 1996).
antigens to T lymphocytes. The human CD1 molecule, Identification of pathogen-derived peptides that are
which is an MHC-like protein, presents Mycobacterium presented by MHC class I molecules remains challeng-
tuberculosis-derivedmycolic acid (Beckman et al., 1994) ing. Although elution and HPLC fractionation of peptides
and Mycobacterium leprae lipoarabinomannan (Sieling from MHC molecules of infected cells has vastly im-
et al., 1995) to T lymphocytes. proved our ability to determine the specificity and com-
It is remarkable that the L. monocytogenes peptide plexity of CTL responses to pathogenic organisms, the
detected by CTL clone JI1.4 is only 5 aa long. Although paucity of antigenic peptides and the prevalence of en-
conventional MHC class Ia molecules are capable of dogenous peptides continue to make epitope hunting
presenting peptides as short as 5 aa (Reddehase et al., a formidable task. In this report, we have used tandem
1989), the natural peptides presented by MHC class Ia mass spectrometry to identify a pathogen-derived pep-
molecules have invariably been 8 aa in length or longer tide presented by an MHC class Ib molecule. Although
(Engelhard, 1994). This peptide preference can be ex- this method for identifying and sequencing peptides has
plained by the structure of MHC class Ia grooves, which been used to identify endogenous and tumor-associ-
accomodate octamer or nonamer peptides (Guo et al., ated antigens (Hunt et al., 1992; Henderson et al., 1993;
1992; Silver et al., 1992; Madden et al., 1992). Peptide Cox et al., 1994; den Haan et al., 1995), here we demon-
binding is typically mediated by pockets in the MHC strate the utility of mass spectrometry for identification
groove that accomodate specific amino acids (anchor of pathogen-derived epitopes. The ability of tandem
residues) that are near the N and C termini of the anti- mass spectrometry to identify and sequence minute
genic peptide. Thus, binding of peptides that are shorter quantities of peptide that constitute only a small fraction
than 8 aa in length is not favored. The ability of H2-M3 of the totalsample indicates that this will bean extremely
to bind short peptides was suggested by the finding useful method for identifying T cell antigens.
that the chemotactic peptide fMLF could compete for
binding with Fr38 (Pamer et al., 1992). A more detailed Experimental Procedures
analysis of H2-M3 peptide binding indicated that even
dipeptides can stabilize H2-M3/Ld chimeric molecules Cell Lines and Mice
P815 mastocytoma cells (H-2d), EL4 cells (H-2b), and J774 macro-(Vyas et al., 1995). The crystal structure of H2-M3 has
phage-like cells (H-2d) were maintained in RPMI medium supple-recently been determined, revealing differences from
mented with 10% fetal calf serum (RP10) as described previouslyMHC class Ia molecules that can explain its ability to
(Pamer, 1994). CTL clones JI1.4 and L9.6 were maintained by weeklypresent short peptides (Wang et al., 1995). First, the A
restimulation with L. monocytogenes-infected J774 cells as de-
pocket that usually accomodates the N terminus of the scribed previously (Pamer, 1994). BALB/c, C57BL/6, and CB6 mice
bound peptide is narrower than usual in H2-M3 and were obtained from Jackson Laboratories (Bar Harbor, Maine). C3H
thus incapable of being occupied by an amino acid. mice were obtained from Harlan, Sprague, Dawley (Indianapolis,
Indiana).Consequently, the N-formyl methionine of bound pep-
tides associates with the B pocket. The D pocket of H2-
Bacterial StrainsM3, which associates with the P2 residue of antigenic
L. monocytogenes strains, L. ivanovii, and Bacillus subitilis werepeptides, probably accomodates the isoleucine of Fr38
obtained from the American Type Culture Collection (ATCC, Rock-
because the surface of this pocket is entirely hydropho- ville, Maryland). Bacteria were cultured in brain heart infusion (BHI).
bic. Although work with phage peptide display libraries
demonstrated a preference for aromatic residues in this CTL Assays with Bacterial Culture Supernatants
Bacteria were pelleted and culture supernatants were passedposition (Miller et al., 1994), our results suggest that
through a Centricon-10 filter, pH adjusted to 7.0 with NaOH, andsmaller hydrophobic amino acids are well tolerated. The
used directly in CTL assays as previously described (Pamer et al.,C, E, and F pockets of H2-M3 bind the P3–P6 residues
1992). EL-4 target cells (H-2b) were labeled with 51Cr, and incubatedof antigenic peptides, again with a preference for hy-
in the presence of bacterial culture media and CTL clone JI1.4 at
drophobic peptides. The fact that the majority of pep- an effector to target ratio of 5:1 for 4 hr. The release of 51Cr was
tide/H2-M3 interactions involve the first 4 aa of the determined and the percent-specific lysis calculated as previously
bound peptide probably explains the ability of H2-M3 described (Pamer et al., 1991).
to present a pentapeptide.
Purification of Fr38Studies of cells with a functional deficiency of the
L. monocytogenes strain ATCC 35967 was inoculated into 14 l oftransporters associated with antigen processing (TAP)
a chemically defined peptide-free minimal medium. Cultures wereindicate that mitochondrially derived peptides follow the
incubated at 378C for 72 hr without agitation and then cleared of
conventional TAP-dependent pathway for association bacteria by centrifugation. Supernatants were first passed through
with H2-M3 in the endoplasmic reticulum (ER) (Attaya a 0.22 mm filter and then a YM-10 membrance (molecular mass
et al., 1992). It is not known whether fMIVIL associates cutoff 10 kDa) using an Amicon concentrator. The resulting filtrate
with H2-M3 in the ER. Since the N terminus of fMIVIL is was applied to a 20 ml preparative C18 column (Millipore Corpora-
tion, Milford, Massachusetts) at a rate of 1 l/day. The column wasblocked by a formyl group, and since the peptide is of
washed with 50 ml of 20% acetonitrile and Fr38 was eluted with 50suboptimal length for TAP transport into the ER (Andro-
ml of 25% acetonitrile. The eluate was lyophilized and resuspendedlewicz and Cresswell, 1994; Schumacher et al., 1994),
in 10 ml of 10 mM Tris (pH 7.0), applied to a 10 ml DEAE Sephadex
it is possible that fMIVIL may use an alternate transport column (Pharmacia, Piscataway, New Jersey), and eluted with a
mechanism to get to peptide-receptive H2-M3 mole- 0–200 mM NaCl gradient in 10 mM Tris (pH 7.0). We collected 1 ml
cules. Identifying the subcellular site where fMIVIL asso- fractions and assayed them for recognition by CTL clone JI1.4 on
51Cr-labeled EL4 cells (Pamer et al., 1992). Fractions 50–55 wereciates with H2-M3 will be interesting, since it appears
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pooled and applied to a RP–HPLC column (Delta Pak C18–300A, HPLC. The cellular debris pellets following 100,000 3 g centrifuga-
tion were reextracted with 0.1% TFA and then subjected to theWaters, Milford, Massachusetts) and eluted at a flow rate of 1 ml/
min with a 50 min gradient of 0.1% TFA and 25%–35% acetonitrile. same protocol. HPLC fractions were lyophilized and resuspended
in 200 ml PBS and assayed for recognition on 51Cr-labeled P815We collected 1 ml fractions and assayed them for the presence of
Fr38 with CTL clone JI1.4. Second-dimension HPLC fractionation cells using CTL clone JI1.4 or L9.6, which is specific for the nonamer
peptide p60 217–225 presented by the H-2Kd MHC class I molecule.was performed on first-dimension HPLC fraction 36 on a C-18 col-
umn. Buffer A was 0.1% HFBA in water and buffer B was 0.085%
HFBA and 60% acetonitrile in water. Acknowledgments
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